Tunnelling in urban areas requires a careful estimation of the consequence of soil settlements on existing buildings. In this paper the interaction between the excavation of a tunnel in sand and surface structures is investigated. A two dimensional finite element model is presented and validated through comparison with centrifuge test results, both with and without structures. The model is then used to perform a sensitivity study on the effect of building weight on soil movements and structural deformations. The results of the validation indicate that assuming a no-tension interface between the soil and the structure is essential to capture the soil-structure interaction that was experimentally observed. The parametric analyses show that the relation between the building stiffness and the tunnelling-induced deformations depends on the building weight.
Introduction
Urban growth is continuously increasing and is expected to reach 60% in 2030 and 70% in 2050 (World Urbanization Prospects, 2014 . One of the major challenges for expanding cities is the development of efficient and sustainable mobility. Rail and metro tunnels are an extensively adopted solution to address road congestion while minimising pollution. However, underground excavation causes soil settlement, which may affect surface structures. Tunnelling designs therefore require extensive assessment of potential settlement damage to existing buildings.
Standard procedures for the prediction of tunnelling-induced damage to surface masonry structures have been developed and applied (Mair et al., 1996) . The core stage of these procedures assumes that predicted soil surface greenfield settlements caused by the excavation can be directly applied to a weightless and elastic beam that serves as a representative model of the building (Burland and Wroth, 1974; Burland et al., 1977; Boscardin and Cording, 1989; Burland, 1995) . Total tensile strains of the equivalent beam are analytically derived and compared to critical values that determine the level of expected damage. The method has been recently extended to the third dimension (Namazi and Mohamad, 2013) .
The original formulation of the critical tensile strain approach neglects soil-structure interaction. For this reason, a primary development of this method was the inclusion of the relative stiffness between the structure and the soil (Potts and Addenbrooke, 1997; Son and Cording, 2005; Dimmock and Mair, 2008; Farrell, 2010; Goh and Mair, 2011) . Other aspects have also be shown to affect the soil-structure interaction, including: the nonlinear behaviour of the building material (Boonpichetvong and Rots, 2005; Son and Cording, 2005; DeJong et al., 2008; Laefer et al., 2011; Nghiem et al., 2014; Giardina et al., 2012 Giardina et al., , 2013 Amorosi et al., 2014) , the initial structural damage (BRE, 1995; Guglielmetti et al., 2008; Devriendt et al., 2013; Clarke and Laefer, 2014) , the presence of large openings (Son and Cording, 2007; Melis and Rodriguez Ortiz, 2001; Pickhaver et al., 2010; Giardina et al., 2015b) , the torsional behaviour of the building (Burd et al., 2000; Giardina et al., 2010; Losacco et al., 2014) and the building weight (Burd et al., 2000; Liu et al., 2000; Franzius et al., 2004; Rampello et al., 2012; Giardina et al., 2015a) . These aspects have been evaluated by using physical (Farrell, 2010; Laefer et al., 2011; Giardina et al., 2012; Nghiem et al., 2014) and numerical (Potts and Addenbrooke, 1997; Burd et al., 2000; Liu et al., 2000; Cording, 2005, 2007; Boonpichetvong and Rots, 2005; DeJong et al., 2008; Giardina et al., 2010; Pickhaver et al., 2010; Giardina et al., 2013; Amorosi et al., 2014; Losacco et al., 2014) models.
However, fewer numerical modelling studies have been validated with experimental results (Son and Cording, 2005; Giardina et al., 2013) ; in particular, computational modelling of the soil-structure interaction due to tunnelling-induced settlements has never been compared with centrifuge tests, which can reproduce the real stress conditions of the prototype due to the increased acceleration applied to scaled models. Centrifuge experiments have been recently performed on building models (metallic plates) of different weight and stiffness subject to tunnelling (Farrell, 2010 ). The results demonstrate that the soil-structure interaction may include the development of a gap between the structure and the soil. The occurrence and magnitude of the gap depends on the type of structure (particularly its stiffness and weight) and the amount of tunnelling induced ground settlement. These tests suggest that accurate simulation of the building response depends on the inclusion of the building weight and a no-tension soil-structure interface.
The effect of building weight has been numerically analysed (Franzius, 2003) under the assumption that for realistic values of weight and ground loss, no gap can develop between the soil and the building. The effect of the building weight was found to be negligible with respect to the effect of the relative stiffness. A no-tension interface between the structure and the soil has also been considered previously (Rots, 2000) to reduce the effect of a greenfield settlement profile directly applied to the structure; nonlinear interface elements between the soil and the structure have been used in subsequent numerical studies on building response to differential settlements (e.g. Boonpichetvong and Rots, 2005; Netzel, 2009; Giardina et al., 2013) .
The aim of this study is to investigate the key aspects of modelling the interaction between tunnelling in sand and surface structures and to evaluate the effect of building weight on this interaction. A 2D finite element model with nonlinear interface elements is used to identify important modelling aspects, like the simulation of the experimentally observed soil-structure gap. The model is evaluated through comparison with centrifuge experiments by Farrell Farrell and Mair (2011) . The model is then used to perform a sensitivity study on the interaction between the building stiffness and weight, the latter of which is typically neglected in the current damage assessment procedures. Fig. 1a illustrates the experimental setup described by Farrell (2010) and reproduced by the numerical model presented in this paper (Fig. 1b) . In the centrifuge experiment, a tunnel excavation was simulated under plane strain conditions in a high resistant steel box containing fine dry sand. The model was subjected to an acceleration of 75 g and therefore reproduced the response of a prototype 75 times larger. The volume loss induced by the tunnelling and the consequent settlements on the soil surface were obtained by gradually withdrawing water from a rubber membrane installed around the tunnel; the membrane pressure was steadily increased during the centrifuge spin-up so that it was always equal to the total vertical pressure at the tunnel axis.
Numerical model
Having reached 75 g water was then gradually withdrawn from the membrane, simulating tunnel volume loss. After a preliminary test performed in greenfield conditions, four aluminium beams of different stiffness and weight were added to the model surface (Fig. 2) , to investigate the soil-structure interaction induced by tunnelling.
To reproduce the boundary conditions imposed by the strong box, the vertical free edges of the numerical model were constrained in the horizontal direction, while the bottom side was fixed in both the vertical and horizontal direction (Fig. 1b) . The centrifuge spin-up was simulated by incrementally increasing the gravity load up to 75 g. During this phase the tunnel was neglected. After the gravity load of 75 g was applied, the soil elements corresponding to the tunnel section were deactivated. In order to maintain equilibrium between internal and external forces, an outward radial pressure was simultaneously applied at the tunnel boundary. The surface settlement profile was obtained by gradually reducing the pressure up to zero and then by incrementally applying an inward radial pressure. The change of pressure was proportional to the initial equilibrium value. Fig. 2 shows the mesh of the finite element model. Quadratic plane strain elements were used for the soil, the tunnel and the structures. The aluminium beams were modelled with an isotropic linear elastic material. Quadratic interface elements with no tensile strength, high stiffness in compression and low stiffness in shear were inserted between the soil and the structure. The compressive and shear behaviour of the interface was assumed to be linear elastic. All material parameters are listed in Table 1 .
Two alternative constitutive laws were considered for the soil. Firstly, a linear relationship between the Young's modulus E and the depth z was assumed:
where E 0 is the Young's modulus at the soil surface, z is the vertical coordinate of the soil, z 0 is the vertical coordinate of the soil surface and @E @z is the gradient of the Young's modulus in the vertical direction. Secondly, the isotropic strain invariant e v and the shear strain invariant e s were assumed to be dependent on the total mean normal stress p and the deviatoric stress q according to the following power-law relationship for undrained conditions:
where K 1 is the reference compression modulus, G 1 is the reference shear modulus, n is a constant coefficient, p 0 is the reference pressure, equal to À1 kPa, and b ¼
. ratio. The adopted soil models are evaluated based on their ability to reproduce the experimentally observed tunnelling-induced settlement profile at the surface level. Fig. 3a shows the settlement of the soil above the tunnel centreline measured at the surface (z ¼ 0) and at 60 mm below the surface (z ¼ 60) during the spin-up of the centrifuge model from 0 to 75 g. These results are used to calibrate the values of the Young's modulus gradient @E @z of the linear elastic soil model and the values of n; K 1 and G 1 of the nonlinear elastic soil models. The comparison with the numerical results ( Fig. 3b) indicates that the nonlinear elasticity provides a considerably better fit to the experimental curves, being capable of capturing the increase of soil stiffness with the increasing confining stress.
Simulation of centrifuge tests
In this section, the experimental results by Farrell (2010) are used to evaluate the numerical models. In particular, the comparison between experimental and numerical results is used to select the more adequate soil model, evaluate the need for using a no-tension interface between the soil and the structure and assess the model's ability to simulate the structural response. Fig. 4 illustrates the results of the analysis in terms of surface settlements of the soil for increasing values of volume loss V L ; 'greenfield' conditions are assumed, i.e. no building is modelled. To compare the experimental and numerical results, the maximum vertical settlement for each value of V L is assumed as reference. The nonlinear elastic model provides a better fit of the experimental curves, producing a settlement trough narrower than the one predicted by the linear elastic model. Since damage to buildings is proportional to the angular distortion imposed by the settlement trough (Skempton and MacDonald, 1956) , accurate modelling of the trough shape and width is important for the evaluation of soil-interaction effects. The nonlinear elastic soil model has been therefore selected to perform the subsequent analyses.
Greenfield tests
Particle Image Velocimetry (PIV) measurements of the greenfield vertical and horizontal displacements of the soil (Fig. 5a ) were also used to evaluate the performance of the selected soil model. Although the simplified assumption of neglecting a failure criterion for the soil does not allow the model to capture the failure mechanism propagating up from the tunnel crown at high volume losses (Fig. 5a) , the model is able to simulate the gradual decrease of settlement towards the ground surface. Also the distribution of horizontal settlements within the soil is adequately simulated by the computational model (Fig. 6) . The model does reproduce the experimental concentration of the displacements between the tunnel shoulders and the soil surface for increasing volume loss, with larger displacements at the tunnel shoulders and soil surface and negligible displacements above the tunnel centreline. Note that at volume loss V L ¼ 0:5% the displacements measured experimentally were close to the limit precision of PIV (0.01 mm (Farrell, 2010) ), making the top pair of figures in 3.2. Soil-structure interaction tests Fig. 7 compares the experimental and numerical displacements of the most flexible (STR-1) and stiffest (STR-4) beams in the vertical direction. The numerical curves, labelled with increasing volume losses to facilitate the visual comparison, correspond to the same values of tunnel radial pressure which produced the greenfield curves in Fig. 4b (also shown in Fig. 7a ). The numerical model correctly reproduces both the behaviour of the flexible beam, which follows closely the greenfield deformations, and the stiff beam, which exhibits a significantly smaller deflection. The vertical displacement of the soil surface is shown in Fig. 8. Figs. 2a and 8a show a significant difference between the vertical displacements of STR-4 and the settlements of the soil beneath the structure; this difference could not be explained without taking into account the formation of a gap between the soil and the structure base. The key element for an accurate prediction of the experimental results is therefore the use of a no-tension interface between the soil and the beam. Fig. 7b shows that without the interface the structure would be pulled by the subsiding soil, reaching a final deformation of intermediate magnitude between the experimental test and the greenfield case. This interpretation is supported by the experimental measurements of the soil-structure gap (Fig. 9a) . The model with the interface captures the increase of the gap as the beam stiffness and the volume loss increase, and provides a good prediction of the gap values for all the analysed structures (Fig. 9b) . Horizontal displacements of the beam and soil surface are presented in Figs. 10 and 11. Consistent with field data (Mair, 2003) , the structures do not develop significant horizontal displacements (Fig. 10) , and therefore negligible horizontal strains arise. Furthermore, the structures act as a partial restraint to the soil, which exhibits horizontal displacements either smaller than or equal to the greenfield case (Fig. 11) . As for the vertical displacements of the beam, the response of the soil in the horizontal direction is connected with the soil-structure gap. For STR-4 and higher values of volume loss, the soil-structure gap allows the maximum (Farrell, 2010) (b) numerical Offset from tunnel centreline (mm)
(a) experimental (Farrell, 2010) soil displacements to nearly match the greenfield results. However, at greater distances from the tunnel centreline, the gap closes and the horizontal soil displacements are negligible (Fig. 11a) . For all volume losses and structures the numerical model produces profiles in reasonable agreement with the experimental curves, with a general tendency to overestimate the displacements close to the area of the beam where the gap is formed. The analyses of the soil vertical displacements with and without surface structures (Fig. 12) confirm the capability of the model to reproduce the increase in settlement trough width due to the presence of the aluminium beam. The effect is particularly evident when comparing the greenfield case with the STR-4 results (first and fourth rows of Fig. 12, respectively) .
As mentioned in Section 3.1, the nonlinear elastic model captures the surface displacements with acceptable accuracy up to realistic values of volume loss, after which the failure mechanism propagating from the tunnel crown would govern the settlement profile. Similarly, the model captures the interaction between the soil and surface structures on shallow foundations, but effective modelling of buildings on pile foundations would likely require inclusion of a soil failure mechanism. Additionally, the linear elastic assumption is appropriate for aluminium beams and for identifying when cracking will occur, but modelling the post-cracking response of an existing structure would require a nonlinear material model.
Modification factors
In an extension of the assessment method by Burland and Wroth (1974) , based on the concept of critical strain, Potts and Addenbrooke (1997) measured the effect of the soil-structure interaction on the beam deflection by using the modification factors:
where L sag and L hog are the building length in the concave (sagging) and convex (hogging) part of the greenfield settlement profile, respectively, D sag =L sag and D hog =L hog are the corresponding ratios between the relative deflection D, defined as the maximum displacement relative to the straight line connecting the two ends of the sagging and hogging part of the building base, and the respective building length, while ðD sag =L sag Þ gr and ðD hog =L hog Þ gr are the greenfield deflection ratios that would occur without the structure. Potts and Addenbrooke proposed design charts to associate the modification factor to specific features of the building and the soil, summarised in the relative bending stiffness:
where E is the Young's modulus, I is the second moment of area of the cross section, L is the total building length and E s is the soil characteristic stiffness. modified the relative stiffness, which was originally defined in plane strain conditions, to make it dimensionless in both two and three dimensions, by including the effect of the tunnel depth z 0 and the building width B:
Based on experimental tests and field data, Farrell (2010) partitioned the relative bending stiffness in the sagging and hogging zone of the greenfield settlement profile curvature:
The modification factor for the deflection ratio has been used to complete the validation of the numerical model in terms of global structural deformation. Fig. 13 shows the modification factors versus the relative bending stiffness as defined in Eq. (5), while Fig. 14 shows the same but for the relative bending stiffness values defined by Eq. (6). Note that in the experimental graph the soil stiffness is assumed to be dependent on the volume loss and therefore the relative stiffness increases for increasing values of volume loss (Farrell, 2010) . In the numerical model, a single reference value for the soil stiffness is assumed throughout the whole analysis. For each structure, the numerical results show a range of modification factors comparable to the experimental values.
For small values of relative stiffness, the structure deformations are generally similar to the greenfield ones and therefore the modification factor M DR is close to unity, while for increasing values of relative stiffness the beam deflection ratio reduces and so does M DR . With respect to the experimental results, the numerical (Farrell, 2010) (b) numerical model tends to underestimate the modification factors for the most flexible structure and for the lowest value of volume loss. These are the cases where the beam distortion approximates to the greenfield one, sometimes showing displacements even larger than in the greenfield case (Fig. 7a, STR-1) . The main reason for this is the embedding of the ends of the structure into the soil, a mechanism which is not captured by the numerical model. However, the results provide a generally good estimation of the modification factors over a wide range of structure stiffness. This offers a reliable base to perform a sensitivity study on how the building weight influences the soil-structure interaction mechanism.
Effect of building weight
The results above indicates the presence of a gap between the soil and the structure in the case of stiffer structures and higher volume loss values. This section investigates how that gap, and the soil-structure interaction more generally, may be affected by the weight of the structure, which is typically ignored in assessment procedures. The building stiffness and weight variations selected are first presented, followed by the results of the parametric study. Differences with results from previous studies are highlighted and discussed. Fig. 15a gives a graphical overview of the numerically tested structures in terms of bending and axial stiffness at prototype scale. The variations include structures STR-1 to STR-4 from Section 3, as well as new structures STR-5 to STR-8. In order to relate these variations to real buildings, data from buildings monitored during the Jubilee Line Extension (Mair and Taylor, 2001; Dimmock and Mair, 2008) are also shown in the graph. The selected stiffness values represent an upper and lower envelope for the real stiffnesses, particularly for the bending stiffness when calculated with the methodologies described in Mair and Taylor (2001) and Dimmock and Mair (2008) . The exact stiffness values assumed in the parametric study are reported in Table 2 .
Parametric variations
(a) experimental (Farrell, 2010) Four different values of weight were applied to each of the analysed structures. These values approximate to the stresses acting at the base of real buildings of 1, 3, 5 and 10 storeys (Franzius et al., 2004) and they are listed in Table 3 . Fig. 15b shows the complete set of variations in terms of bending stiffness and base stresses. Fig. 16 shows the effect of the weight on the deflection of STR-1 and STR-4 for selected volume losses. The results indicate that the vertical displacements of the beam increase with increasing applied weight. For higher volume losses this effect can be substantial: in the range of assumed weights, a significant loading can increase the beam settlements up to 70%. For relatively stiff structures, the weight influences the embedding of the structure into the soil, which is indicated by the vertical displacements at the two ends of the beam (Fig. 16d) and the development of the gap between the soil and the beam base in the case of the stiffer structure STR-4 (Fig. 17) ; Fig. 17 shows how the increase in weight tends to make the structure STR-4 follow the soil displacements and therefore reduces the gap.
Results
The modification factors derived from the numerical analysis for all the structures, for a representative volume loss of 0.5% are plotted in Fig. 18a and b as a function of the partitioned relative stiffness in sagging and hogging, respectively (Eq. (6)). The results indicate that higher loading can lead to an increased modification factor, suggesting that the weight of the structure can reduce the effect of an increment in relative stiffness.
The impact of the weight on the building response is particularly significant when considering that this factor is neglected in the empirical-analytical procedures currently used for the assessment of potential damage. As introduced in Section 1, these procedures are based on the analyses performed on weightless beam models of buildings (Burland and Wroth, 1974; Potts and Addenbrooke, 1997) . Later numerical analyses (Franzius et al., 2004) assessed the weight as a negligible factor if compared with the corresponding realistic variations of bending stiffness values. These analyses (Franzius et al., 2004) , although including a comprehensive evaluation of variation of weight, consider a smaller range of relative stiffness values and were derived from a numerical model which neglected the possibility of a gap between the soil and the structure. The assumption of no gap was numerically evaluated by verifying the absence of normal tensile forces at the soilbeam interface for a singular case of stiffness and weight. While this check seems reasonable, the experimental data (Farrell, 2010) show that the structural response can involve the formation of a soil-structure gap. It should be noted that the values of relative stiffness and weight simulated by Farrell (2010) are within the realistic range of values for existing buildings. In addition, the numerical analyses described in this paper, characterised by the specific simulation of the soil-interface gap, suggest the relevance of the weight in the experimentally observed mechanism by including a wider range of stiffness values. The need to include the building weight in 2D and 3D numerical modelling of tunnelling has also been stated by Liu et al. (2000) and Rampello et al. (2012) , respectively. (1) EI and EA according to Mair and Taylor (2001) (2) EI and EA according to Dimmock and Mair (2008) . Bending stiffness, axial stiffness and base stress at the prototype scale for the reference centrifuge models, real buildings and the parametric variations performed in this study. Offset from tunnel centreline (mm) Vertical displacement (mm) Vertical gap (mm) Fig. 17 . Weight influence on the gap between the soil and selected structures (STR-1 and STR-4). Fig. 18 highlights that the impact of the building weight on the modification factor decreases with the increase in relative stiffness. This suggests a possibility to correlate the modification factors with an indicator that combines the relative stiffness and weight of a structure. For example, a normalised relative stiffness q norm can be defined in sagging and hogging as:
where r is the total bearing pressure acting at the building foundations and r 1 is the bearing pressure produced by one typical storey of the same building. For cases where the building weight and bearing pressure are directly correlated with the number of storeys, like in this study (Table 2) Fig. 20a and b. The analysis of the centrifuge data from Farrell (2010) (Fig. 20c ) and the numerical results from Potts and Addenbrooke (1997) (Fig. 20d) is consistent with this. It should be noted that the weight effect is included only for structures with weight corresponding to one or more storeys. The coefficient n s in Eq. (8) is assumed equal to 1 in the other cases. For the weightless beams analysed by Potts and Addenbrooke, the normalised stiffness therefore coincides with the relative stiffness.
Conclusions
In this paper, the interaction between tunnelling in sand and surface structures has been numerically investigated. A 2D finite element model with nonlinear interface elements was used to investigate the role of the soil-structure gap in modifying the soil greenfield settlement and building response. The comparison with the results of centrifuge tests showed that the model effectively reproduces the experimentally measured soil and structure displacements and that the use of a no-tension interface is necessary to simulate the soil-structure gap and the building deformation in the case of stiffer buildings.
The numerical model was then used to perform a sensitivity study on the interaction between building stiffness and weight. The results show that the building response depends not only on the relative stiffness between the structure and the soil but also on the building weight, which is typically neglected in the current assessment procedures. The presentation of results in terms of relative stiffness normalised to a dimensionless indicator of the building weight demonstrated the potential value of including the weight in the damage assessment and was shown to be consistent with available experimental and numerical observations. 
